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Abstract 
In the design process of a wind farm the aerodynamic interactions between the single turbines have become a field of 
major interest. The upwind turbines in a wind farm will affect the energy potential and inflow conditions for the 
downwind turbines. The flow field in the wake behind the first row turbines is characterized by a significant deficit in 
wind velocity and increased levels of turbulence intensity. Consequently, the downstream turbines in a wind farm 
cannot extract as much power from the wind as the first row turbines. Furthermore, the additional turbulence in the 
wake could be a reason for increased material fatigue through flow-induced vibrations at the downstream rotor. 
The main focus of this experimental study is to investigate the local velocity deficit and the turbulence intensities in 
the wake behind an array of two model wind turbines. For two different turbine separation distances, the wake is 
scanned at three different downstream positions.  
Moving axially downstream the velocity deficit in the wake gradually recovers and the turbulence intensity levels 
slowly decrease. Furthermore, a gentle expansion of the wake can be observed. The wake profiles measured in close 
distances behind the rotor are characterized by evident asymmetries. Further downstream in the wake turbulent 
diffusion mechanisms cause a more uniform and more symmetrical flow field. 
Moreover, the turbulence intensity behind the second wind turbine is found to be significantly higher than behind one 
unobstructed turbine. Also, considerably higher velocity deficits are found in the near wake behind the second turbine 
compared to the wake behind one unobstructed turbine. However, the velocity profile at five rotor diameters 
downstream in the wake behind the second turbine is already very similar to the velocity distribution behind the first 
turbine. Furthermore, the velocity field and turbulence intensity distribution in the wake behind the second turbine is 
more symmetrical and more uniform than behind the first turbine. 
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1. Introduction 
1.1. Wind farm arrangement 
In the design process of a wind farm the aerodynamic interactions between the single turbines are one 
of the most important phenomena that must be taken into account. Since space is not unlimited, wake 
interaction effects are unavoidable in a wind farm. An economic compromise for the separation distance 
of the single wind turbines has to be found. The flow in the wake behind the first row turbines is 
characterized by a significant deficit in wind velocity and by increased levels of turbulence. Thus, the 
downstream turbines in a wind farm cannot extract as much power from the wind anymore. Furthermore, 
the additional turbulence in the wake could increase material fatigue through flow-induced vibrations at 
the downstream rotors, as stated by Vermeer et al. [1]. 
In a computational simulation from 2009, Barthelmie et al. [2] found that the average power losses 
originating from wake interaction effects in a wind farm range in the order of 10-20% compared to a wind 
farm consisting of unobstructed turbines. As stated by Sanderse [3], the effect of increased fatigue loads 
on the downstream turbine due to turbulent flow in the wake was measured to be 80% in a real wind farm 
in Vindeby, Denmark. As a consequence the blades of the downstream turbines are predicted to have a 
considerably shorter lifetime. Nevertheless, the difference in fatigue loads on turbines operating in the 
wakes of multiple upstream turbines was found to be small [3].  
In fact, the arrangement of the single turbines in a wind farm aiming at a maximum overall power 
output is a very complex problem. In a study from 2007 Marmidis et al. [4] simulated the maximum 
energy production versus the minimum installation costs of different placement patterns of the turbines in 
a wind farm with mathematical methods. When optimizing a wind farm with respect to the overall 
maximum power output, not only the separation distance and the placement pattern, but also the operation 
points of the single turbines are of importance. By extracting a lower amount of energy from wind at the 
upstream wind turbine more kinetic wind energy is left for the downstream turbine. This can be achieved 
by controlling the blade pitch angle, the turbine yaw angle or the tip speed ratio of the upstream turbine. 
Investigating a convenient control strategy for a simple two-turbine setup, Johnson and Thomas [5] 
have shown that an operation of the first turbine below its maximum power point is beneficial for the 
overall output of the two-turbine setup. An experimental investigation by Adaramola and Krogstad [6] 
confirmed their results, since they were able to increase the total power output of two turbines by 
operating the first turbine slightly below its maximum power point. 
 
Nomenclature 
CP power coefficient 
D rotor diameter 
hHub turbine hub height 
R rotor radius 
S turbine separation distance  
T torque 
U∞ freestream velocity 
UM/U∞ normalized mean velocity 
u’/UM turbulence intensity 
O tip speed ratio 
U air density 
Z rotational speed 
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1.2. Wake aerodynamics 
The aerodynamic conditions prevailing in the wake of a wind turbine rotor are defined by a non-
uniform transient inflow to the rotor combined with the flow conditions on the different spanwise sections 
of the rotor blades. Although a modern rotor of a horizontal axis wind turbine only consists of three 
rotating blades, a number of aerodynamic effects combine to a very complex flow field in the wake. One 
main aerodynamic phenomenon is the rotation of the flow field in the wake of a wind turbine rotor. The 
flow behind the rotor features a velocity component in circumferential direction resulting in a rotation of 
the flow in the wake behind the rotor. The flow in the wake is counter-rotating in respect to the direction 
of rotation of the turbine rotor. Furthermore, the vortices shed from the blade tips and blade roots are 
dominating the flow in a wind turbine wake. Due to significantly lower rotational speeds at the blade root, 
the root vortices are assumed to be considerably weaker. The stronger tip vortices shed from the turbine 
blade tips are more stable and move downstream in helical spirals. Gómez-Elvira et al. [7] clarify that the 
tip vortex system can be approximated as a cylindrical shear layer as the speed of the rotating blade tips is 
usually much higher than the incoming wind speed. Sanderse [3] elucidates that the distinct tip vortices 
destabilize due to turbulent mixing processes when moving downstream and blur into a large-scale 
turbulent structure. Moreover, the turbulent diffusion processes cause a radial expansion of the cylindrical 
shear layer. The turbulent flow in the shear layer mixes the slow moving fluid in the wake with high 
velocity fluid surrounding it. Thus, momentum is transported into the center of the wake, which results in 
a wake expansion but reduction in velocity deficit [3]. 
 
2. Experimental setup 
2.1. Wind tunnel and model wind turbines 
This experimental study is performed in the large wind tunnel at the Department of Energy and 
Process Engineering at the Norwegian University of Science and Technology in Trondheim. The test 
section of the wind tunnel is 2.0m high, 2.7m broad and 12.0m long. Furthermore, the test section is 
equipped with a computer-controlled traverse mechanism, which is fixed on rails underneath the wind 
tunnel roof and allows automatic flow measurements at almost any position in the wind tunnel. For this 
experimental investigation two fully operational model wind turbines with a rotor diameter of D=0.90m 
are available. New wind-optimized blades for both model turbines were designed by Krogstad and 
Karlsen [8] using a standard NREL S826 profile and a blade element momentum method. Fig. 1 shows 
the basic experimental setup in the wind tunnel. The separation distance S/D between the two model 
turbines can be varied. In order to record the axial development of the wake behind the two turbines, the 
flow field is traversed with a hot-wire probe at three different axial downstream measurement locations. 
 
 
Fig. 1. Experimental setup and axial measurement stations downstream of the second model turbine at 1D, 3D and 5D 
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Both turbines are equipped with optical RPM-sensors as well as torque sensors on the rotor shafts 
allowing measuring the power extracted from the wind. The rotational speed of both turbine rotors can be 
controlled by a Siemens Micromaster 440 frequency inverter, making it possible to record the power 
characteristics of both turbines. 
 
2.2. Instrumentation and data processing 
The flow field in the wake behind the two model wind turbines is traversed with a hot-wire probe, 
which is connected to a Constant Temperature Anemometry (CTA) circuit. The output signal is 
characterized by a high frequency resolution and can be split into the mean velocity and the turbulent 
fluctuations in the wake flow. Firstly, the hot-wire signal is calibrated against the signal acquired from a 
Pitot tube, which itself is calibrated against a manual Lambrecht manometer. A National Instruments 
BNC-2110 data acquisition board and an in-house designed LabVIEW routine are used to record the 
acquired data to the lab computer’s hard drive.  
 
3. Results and discussion 
3.1. Turbine power characteristics 
In order to estimate the wake effect on the performance characteristics of the downstream turbine 
(Tu2), two different separation distances S/D are investigated and compared to the performance curve of 
the unobstructed second turbine. Therefore, the power coefficient CP=2ZT/SUR2U∞3 is calculated from 
the torque T, which is measured on the rotor shaft, while the tip speed ratio O=ZR/U∞ of the second 
turbine is varied. The upstream turbine (Tu1), which has similar performance characteristics as the 
unobstructed downstream turbine (Tu2), is operated at its design tip speed ratio (O=6) for both turbine 
separation distances. A comparison of the second turbine power coefficient CP,Tu2 operating in the wake 
S/D=3 downstream, respectively S/D=5 downstream of an upstream turbine is presented in Fig. 2. The 
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For a separation distance of S/D=3, a maximum power coefficient of CP,max,S/D=3=0.15 is measured for 
the second turbine. That corresponds to about 31% of the power extracted of the unobstructed turbine. 
When operated in the wake S/D=5 downstream, the second turbine reaches a maximum power coefficient 
of CP,max,S/D=5=0.16, which is about 33% of the power the unobstructed turbine extracts from the wind. 
The kinetic energy in the wake has consequently recovered from S/D=3 to S/D=5, although the recovery 
rate is found to be small. This effect has been previously observed by Adaramola and Krogstad [6]. 
However, they found significantly higher power coefficients for the downstream turbine. That can be 
ascribed to the fact that they used a different set of blades on the upstream turbine (Tu1). 
 
3.2. Flow field downstream of the two-turbine arrangement 
In a first experimental setup, the second model turbine is installed S/D=3 rotor diameters downstream 
of the first model turbine. At a wind tunnel inflow speed of U∞=11.5 m/s both turbines are operated at 
their design tip speed. For the second turbine the optimum tip speed ratio is measured to be around O=4 
referred to the wind tunnel inlet speed U∞ (see Fig. 2). At this tip speed ratio the best possible flow 
conditions prevail in all sections of the rotor blades yielding the maximum possible power output. The 
full area wake measurements presented in Fig. 3 show the axial development of the normalized mean 
velocity UM/U∞ [-] for three measurement positions, 1D, 3D and 5D downstream of the second turbine. 
Analyzing the axial development of the distribution of the mean velocity, it can be observed that the 
velocity deficit recovers moving further downstream in the wake. At 1D downstream distance a minimum 
normalized mean velocity of UM/U∞=0.35 is measured, which increases to UM/U∞=0.42 in the center of 
the wake at 5D downstream distance. The 1D profile can be characterized by an area of high velocity 
deficits behind the rotor swept area bounded by sharp velocity gradients. Further downstream in the wake 
the velocity gradients become visibly smoother and the area of low velocities diminishes. With increasing 
downstream distance, turbulent diffusion mechanisms transport fluid of higher kinetic energy from the 
surrounding flow into the center of the wake. Similar diffusion mechanisms also affect an expansion of 
the wake with increasing downstream distance. A horizontal growth rate of about ∆z/∆x=12.5% can be 
calculated. However, it can be observed that the expansion in vertical direction is significantly weaker 
and thus the upper half of the wake is not entirely circular. This effect has previously been observed by 
Adaramola and Krogstad [9]. They found that the expansion of the wake in vertical direction is blocked 
by the wind tunnel roof, which is located only y/R=2 rotor radii above the turbine hub height. 
The presence of the turbine tower implies an additional velocity deficit and a slight shift of the wake 
flow in the lower half of the velocity field. Looking in downstream direction, the turbine rotor is rotating 
counter-clockwise. Consequently, the flow in the wake is rotating in clockwise direction shifting the flow 
around the tower to the left. 
 
(a)         (b)         (c) 
 
Fig. 3. Normalized mean velocity UM/U∞ [-] in the wake behind the array of two model turbines separated S/D=3: 
(a) 1D downstream; (b) 3D downstream; (c) 5D downstream 
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(a)         (b)         (c) 
 
Fig. 4. Turbulence intensity u’/UM [%] in the wake behind the array of two model turbines separated S/D=3: 
(a) 1D downstream; (b) 3D downstream; (c) 5D downstream 
The axial development of the turbulence intensities u’/UM [%] is presented in Fig. 4 for the three 
downstream measurement locations. The highest turbulence levels in the 1D wake are found in a distinct 
ring behind the rotor blade tips as depicted in Fig. 4 (a). This is obviously due to the very turbulent shear 
layer formed by the blade tip vortices. Three unevenly distributed cores of very high turbulence intensity 
levels above u'/UM=20% can be observed. Further downstream, in the 3D wake profile these highly 
turbulent regions diffuse into two cores of high turbulence intensity in the lower half of the flow field. 
The 5D wake is characterized by one single core of high turbulence level near the center of the wake and 
visibly smoother gradients in turbulence intensity. 
The velocity (Fig. 3) and turbulence intensity distributions (Fig. 4) are found to be not rotationally 
symmetrical. Especially the velocity and turbulence intensity profile in the 1D wake are dominated by 
evident asymmetries. As the flow propagates further downstream, the asymmetries even out due to 
turbulent mixing processes in the wake. It is assumed that these asymmetries stem from the influence of 
the turbine tower. Barber et al. [10] observed a similar phenomenon while mapping the full area wake 
behind a single turbine. They supposed that the rotating flow in the rotor wake is hitting the tower at a 
certain angle and moving into the lower pressure region in the tower wake yielding an asymmetrical 
velocity distribution. The effect of the wake rotation on asymmetries in the velocity and turbulence 
distributions will be investigated with more experiments in the future. 
 
3.3. Comparison of the flow field behind different turbine arrangements 
In the initial experimental setup the flow field is recorded in the wake behind an array of two wind 
turbines separated S/D=3 rotor diameters. Thereafter, the turbine separation distance is increased to 
S/D=5 in a second experimental setup. That makes it possible to compare the velocity and turbulence 
intensity profiles of two turbine separation distances to the profiles recorded behind one single 
unobstructed turbine. The wake profiles are recorded in a horizontal line at hub height. A comparison of 
the normalized mean velocity UM/U∞ [-] is presented in Fig. 5 for the three different downstream 
distances. Due to a limited wind tunnel length, it is not possible to record the 5D wake for a turbine 
separation distance of S/D=5. 
An analysis of the 1D and 3D wake shows a significantly higher velocity deficit behind two turbines 
than behind one unobstructed turbine. The velocity distributions recorded for the turbine separation 
distances S/D=3 and S/D=5 yield very similar results as depicted in Fig. 5 (a) and (b). Furthermore, the 
velocity profiles in wake behind two turbines are found to be more symmetrical than the profiles behind 
one single turbine exposed to the laminar wind tunnel inflow. As the second turbine rotor is exposed to a 
very turbulent inflow when operated in wake of upstream turbine, more intense mixing processes are 
assumed to yield a more symmetrical velocity distribution. 
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   (a)            (b)           (c) 
 
Fig. 5. Comparison of the normalized mean velocity UM/U∞ [-] behind one unobstructed turbine, two turbines separated S/D=3 and 
two turbines separated S/D=5: (a) 1D downstream; (b) 3D downstream; (c) 5D downstream 
Although the second turbine wake is significantly broader than the first turbine wake at 5D 
downstream distance, the velocity distribution between z/R=-1 and z/R=+1 is very similar to the first 
turbine wake as observed in Fig. 5 (c). A minimum normalized mean velocity of about UM/U∞=0.50 is 
measured, which is very close to the minimum velocity value found behind the first turbine at the same 
downstream distance. It can therefore be assumed that an imaginary third wind turbine set up S/D=5 
downstream of the second turbine would be able to extract a similar amount of energy from the flow as 
the second turbine. 
Fig. 6. shows a comparison of the turbulence intensity u’/UM [%] in the wake of the second model 
wind turbine. Comparing the turbulence intensity levels of the three different turbine configurations, 
significantly increased turbulence levels can be observed in the wake behind two turbines. Especially for 
downstream distances 3D and 5D more than double as high turbulence intensities are measured in the 
center of the wake than for the unobstructed case. Since the inflow to the second rotor operated in the 
wake of an upstream turbine is already very turbulent, the second turbine rotor seems to add extra 
turbulence. The turbulent inflow to the rotor is also assumed to intensify the mixing process in the wake 
behind an array of two turbines. As shown in Fig. 6 (a) three distinct peaks, which can be attributed to the 
vortices shed from the blade tips and roots, can be found in the turbulence intensity profiles in the 1D 
wake for each turbine arrangement. The 5D wake behind the array of two turbines is characterized by 
only one peak, whereas two peaks in turbulence intensity are measured for the unobstructed 
configuration. 
 
   (a)            (b)           (c) 
 
Fig. 6. Comparison of the turbulence intensity u’/UM [%] behind one unobstructed turbine, two turbines separated S/D=3 and two 
turbines separated S/D=5: (a) 1D downstream; (b) 3D downstream; (c) 5D downstream 
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4. Conclusions 
Analyzing the wake behind an array of two model wind turbines, a slow recovery of the velocity 
deficit as well as a gradual decrease in turbulence intensity levels are observed when moving axially 
downstream. With increasing downstream distance a gentle increase in wake dimensions is observed. The 
velocity and turbulence profiles recorded in close distances behind the rotor are characterized by evident 
asymmetries in respect to the axis of the turbine rotation. Further downstream in the wake, turbulent 
diffusion mechanisms cause a more uniform and more symmetrical flow field. 
Moreover, the turbulence intensity levels behind two turbines are found to be significantly higher than 
behind one unobstructed turbine. Also, considerably higher velocity deficits are found in the near wake 
behind the second turbine compared to the wake behind one unobstructed turbine. However, the velocity 
profile at five rotor diameters behind the second turbine is already very similar to the velocity distribution 
behind the first turbine. Furthermore, the velocity profiles and turbulence intensity distribution behind the 
second turbine are characterized by higher symmetries and uniformity than behind the first turbine. 
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